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We theoretically study photon transmission and mechanical ground state cooling in a two-
dimensional optomechanical system that is formed by suspending a graphene sheet on a one-
dimensional optomechanical crystal. When the frequencies of graphene resonator and nanobeam
resonator(phononic mode of optomechanical crystal) are approximately the same, the Λ-type
degenerate four-level structure of two-dimensional optomechanical system shows the two-color
optomechanically-induced transparency, and the transparency window could be switched among
probe signal’s absorption, transparency, and amplification. According to our calculations, the
graphene resonator could also assist the ground state cooling of nanobeam resonator in the pro-
posed two-dimensional optomechanics.
PACS numbers: 42.79. Gn, 42.50.Wk, 42.50.Lc
I. INTRODUCTION
Cavity optomechanics supports a platform to ex-
plore nonlinear and nonclassical effects [1–5]. Signifi-
cant progresses have been made on the strong optome-
chanical coupling and mechanical ground state cool-
ing in optomechancis [6–15]. The photonic nonlinear
and nonclassical effects induced by optomechanical in-
teraction have been widely studied, such as the OMIT
(optomechanically-induced transparency) [16–21], pho-
ton blockade [22–29], nonclassical mechanical motions
[14, 15, 30–33], optical nonreciprocity [34–37], and so on.
The hybrid system formed by optomechanics coupling to
TLS (two-level system) or mechanical resonator also at-
tracts a lot of interest recently [38–43].
Cavity optomechanics has been realized in different
systems, such as Whispering-gallery cavity, photonic
crystal cavity, microwave circuit, dielectric membrane
placed between two high-finesse mirrors, and so on
[1, 2, 44]. Graphene sheet has been used to build op-
tomechanics with microwave resonator through radiation
pressure interaction [45–48]. Moreover, the interaction
between photonic crystal cavity and graphene sheet are
more interesting, because the photonic cavity might be
able to detect mechanical motions and nonlinear mechan-
ical properties of graphene sheet with extra high precision
[49]. In addition recent experiments have shown that the
graphene sheet could be used to tune the optical, electri-
cal, and heat transport of photonic crystal cavity [50–55].
∗ mpezgy@nus.edu.sg
However, single layer graphene is almost transparent
for visible and infrared lasers [56, 57], so it is difficult
to build optomechanics with single layer graphene sheet
through radiation pressure type interaction. As veri-
fied by the perturbation calculations and recent exper-
iments [50, 51, 58], the graphene sheet leads to reso-
nant frequency shift and an additional damping for pho-
tonic cavity mode through optical gradient or absorp-
tion force. Thus, the optical gradient or absorption force
could be used to build 2D (two-dimensional) optome-
chanical system consisting of the graphene sheet and 1D
(one-dimensional) optomechanical crystal; as for radia-
tion pressure type optomechanical interaction, the multi-
layer graphene sheets might be a choice.
With a suspended single-layer graphene sheet above
a 1D optomechanical crystal, we study photon trans-
mission and mechanical ground state cooling in 2D op-
tomechanics (see Fig.1). The optomechanical type in-
teractions exist not only between photonic and mechan-
ical modes of nanobeam, but also between the photonic
cavity field and graphene resonator. Compared with
other type multi-mode optomechanics, the steady posi-
tion of graphene resonator could be easily tuned via a
control voltage between graphene sheet and silicon sub-
strate [59, 60]; thus, the damping rate of photonic cavity
and graphene-cavity optomechanical interaction strength
could be controlled. Here we mainly focus on the effects
of a graphene sheet on photon transmission and ground
state cooling of the nanobeam resonator in proposed 2D
optomechanical system.
The paper is organized as follows: In Section II, we
introduce the proposed 2D optomechanics model. In
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FIG. 1. (Color online) Two-dimensional Optomechanics
formed by a suspended Graphene sheet on an one-dimensional
optomechanical crystal.
Section III, we analyze the effects of a graphene res-
onator on photon transmission. In Section IV, we study
the graphene resonator assisted ground state cooling of
nanobeam resonator. In Section V, we conclude this
work.
II. 2D OPTOMECHANICAL MODEL
We study a 2D optomechanical system as shown in
Fig. 1, the photonic and phononic modes of nanobeam
in an 1D optomechanical crystal interact with each other
in a plane parallel to silicon substrate; the single-layer
graphene sheet interacts with photonic mode of 1D op-
tomechanical crystal in the direction perpendicular to sil-
icon substrate. Thus, the Hamiltonian of free 2D optome-
chanical system:
H0 = ~ωaaˆ
†aˆ+ ~ωbbˆ
†bˆ + ~ωccˆ
†cˆ+ ~gaˆ†aˆ(bˆ† + bˆ)
+~λaˆ†aˆ(cˆ† + cˆ). (1)
Here aˆ (aˆ†), bˆ (bˆ†), and cˆ (cˆ†) are annihilation (creation)
operators of photon, nanobeam phonon, and graphene
phonon, respectively. ωa is the resonant frequency of
photonic cavity, and ωb (ωc) corresponds to vibration
frequency of nanobeam (graphene) resonator. And, g
and λ describe the optomechanical interaction strengths
of the photonic mode with the nanobeam and graphene
resonators, respectively. The graphene-cavity optome-
chanical coupling strength and cavity damping rate could
be changed by adjusting graphene sheet’s steady position
which could be easily adjusted by a control voltage be-
tween graphene and silicon substrate [59, 60].
In a rotating frame defined by an unitary transforma-
tion U1 = exp {aˆ†aˆ[g(bˆ† − bˆ)/ωb + λ(cˆ† − cˆ)/ωc]}, the ef-
fective Hamiltonian becomes Heff = ~(ωa − χt)aˆ†aˆ −
~χtaˆ
†aˆ†aˆaˆ+ ~ωbbˆ
†bˆ+ ~ωccˆ
†cˆ. The direct photon-phonon
interactions disappear inHeff and are replaced by a Kerr
nonlinearity term with the coefficient χt = χb+χc, where
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FIG. 2. (Color online) The energy level diagram of 2D degen-
erate optomechanical system (ωb = ωc). Here |na〉, |nb〉, and
|nc〉 are the Fock states of photon and phonons, while |n˜b〉
and |n˜c〉 correspond to phonon displaced Fock states.
χb = g
2/ωb and χc = λ
2/ωc are the photon nonlinear co-
efficients induced by nanobeam and graphene resonators,
respectively. The energy level structure of 2D optome-
chanical system could be obtained from Heff as
E(na, nb, nc) = ~
(
ωana − χtn2a
)
+ ~ωbnb + ~ωcnc.(2)
Here na is the cavity photon number, while nb and nc are
phonon numbers on nanobeam and graphene resonators,
respectively. Compared with the energy level structure of
the standard optomechanics[4, 22, 61], the energy levels
in 2D optomechanics have an additional mechanical free-
dom. For degenerate mechanical modes ωb = ωc, the de-
gree of energy level degeneracy could be calculated from
Eq. (2) as nb+nc+1. The low excitation state energy lev-
els are shown in Fig. 2, the degree of degeneracy for zero
phonon state is 1, and it is 2 (or 3) for single (or double)
phonon excited states, respectively. From the expression
of Heff , the eigenstates of 2D optomechanical system
can be obtained as |nan˜bn˜c〉 = U1|nanbnc〉, where |ni〉
(i = a, b, c) are the Fock states of photon and phonons,
respectively, while |n˜b(na)〉 and |n˜c(na)〉 are the phonon
displaced Fock states in the case of photon number na.
III. TUNABLE PHOTON TRANSMISSION
A. Controllable Photons blockade
The photon blockade in optomechanical system has
been widely studied [22–27]. If the photonic cavity
is driven by a weak laser field with frequency ωd and
amplitude Ω, that is Hd = i~[Ω exp (−iωdt)aˆ† − h.c.].
Thus, the Hamiltonian in a rotating frame at driving fre-
quency ωd, defined by an unitary transformation U2 =
3exp (−iωdaˆ†aˆt), becomes
Hr = −~∆aˆ†aˆ+ ~ωbbˆ†bˆ+ ~ωccˆ†cˆ+ ~gaˆ†aˆ(bˆ† + bˆ)
+~λaˆ†aˆ(cˆ† + cˆ) + i~
(
Ωaˆ† − Ω∗aˆ) . (3)
here ∆ = ωd−ωa is the frequencies detuning of the driv-
ing laser and photonic mode. Define κa, κb, and κc as the
damping rates of photonic cavity, nanobeam resonator,
and graphene resonator, respectively. The photon block-
ade requires a weak driving field (|Ω| ≪ κa) and it is
usually described by the second-order correlation func-
tion which could be defined with density operator as
g(2)(0) = Tr(ρaˆ†2aˆ2)/Tr(ρaˆ†aˆ)2. The master equation
of density operator:
ρ˙ =
1
i~
[Hr, ρ] + La(ρ) + Lb(ρ) + Lc(ρ). (4)
The Lindblad terms in Eq. (4) are: Lo(ρ) =
κo
2 (n
T
o +
1)(2oˆρoˆ† − oˆ†oˆρ − ρoˆ†oˆ) + κo2 nTo (2oˆ†ρoˆ − oˆoˆ†ρ − ρoˆoˆ†),
with o = a, b, c corresponding to optical and mechan-
ical variables, respectively. Under weak pumping, the
density matrix ρ can be numerically calculated by trun-
cating to limited photon and phonon numbers in Eq. (4)
[28, 62–64]. The thermal photon and phonon numbers
are defined as nTo = [exp [~ωo/(kBT )]− 1]−1 (o = a, b, c),
with T and kB are environmental temperature and Boltz-
mann constants, respectively. Because of the extra high
frequency, in this article the thermal photon numbers can
be set as zero, that is nTa = 0.
The numerical calculation results of the photon second-
order correlation function in degenerate 2D optomechan-
ical system are shown in Fig. 3. The blue-solid curve
describes photon blockade of standard optomechanics,
which is equivalent to a large gap between graphene and
photonic crystal cavity so that their interaction can be
neglected. The peaks and dips in blue-solid curve can be
explained analytically as follows. In weak pumping limits
g
√
na|Ω|/ωb ≪ ωb and λ√na|Ω|/ωc ≪ ωc, the Hamilto-
nian Hr in Eq. (3), experiencing an unitary transforma-
tion U1, becomes Hwl ≈ −~(∆ + χt)aˆ†aˆ − ~χtaˆ†aˆ†aˆaˆ +
~ωbbˆ
†bˆ+ ~ωccˆ
†cˆ+ i(Ωaˆ†−Ω∗aˆ). There is no direct inter-
action between photon and phonons in Hwl, if we neglect
the excitations of phonons [23, 24, 29, 65]; thus, the low
excited states wave-function of 2D optomechanics can be
assumed as |ψ〉 = (A000|0〉+A100|1〉+A200|2〉)⊗|0b〉⊗|0c〉,
then the second-order correlation function could be ob-
tained as:
g(2)(0) ≈ 2|A200|
2
|A100|4 ≈ 4
∣∣∣∣γa + i2(∆− χt)γa + i(∆− 2χt)
∣∣∣∣
2
. (5)
Equation (5) could be used to explain single-photon
blockade dip and two-photon resonant peak in Fig. 3.
The dip at ∆ = −χb in blue-solid curve satisfies
g(2)(0) < 1 and describes single photon blockade of stan-
dard optomechanics(ǫ = 0), and the peak at ∆ = −2χb
satisfies g(2)(0) > 1 and corresponds to two-photon res-
onant transition. The small peak at ∆ = −3χb cor-
responds to photon resonant transitions between states
|1, n˜b, n˜c〉 and |2, n˜b, n˜c〉 [23].
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FIG. 3. (Color online) Logarithmic plot of equal-time second-
order correlation function g(2)(0) as the function of detuning
∆ = ωd − ωa, with ωb = ωc and χb = g
2/ωb. The blue-
solid curve describes photon blockade of one-dimensional op-
tomechanics crystal (λ = 0), while the green-dashed (λ = g)
and red-dotted curves (λ = 1.1g) correspond to that of
2D optomechanics. The other parameters are: ωb/(2π) =
ωc/(2π) = 100 MHz, g/(2π) = 20 MHz, |Ω|/(2π) = 0.02
MHz, κa/(2π) = 1 MHz, κb/(2π) = 0.1 MHz, κc/(2π) = 1000
Hz, and T = 0.01 K. Inset figure: steady photon numbers.
The green-dashed and red-dotted curves in Fig. 3 de-
scribe photon blockade in 2D optomechanics (λ 6= 0),
which is equivalent to a limited gap between the graphene
sheet and photonic crystal cavity. In the case of λ = g
and ωg = ωb, the photon nonlinearity coefficient in green-
dashed curve is doubled compared with standard optome-
chanics (blue-solid curve), that is χt = 2χb. So the posi-
tion of single photon blockade dip (two-photon resonant
peak) shifts to ∆ = −2χb (∆ = −4χb) in green-dashed
curve.
The coupling strength λ = 1.1g in the red-dotted
curve, the positions of photon blockade dip or multi-
photon resonant transition peaks in x-axis deviate from
those of green-dashed curve (λ = g). From above dis-
cussions, it is shown that the graphene resonator can be
used to tune photon nonlinearity, photon blockade, and
photon tunneling in 2D optomechanical system.
B. Optomechanically induced transparency
The OMIT in optomechanical system has been theo-
retically and experimentally studied [16, 17, 20, 21]. The
mechanical resonator, TLS, and condensed states cou-
pling to optical or mechanical mode of optomechanical
system can affect photon transmission in optomechani-
cal system [21, 38–42]. If the frequencies of nanobeam
and graphene resonators are approximately the same
4ۧȁͲ௔Ͳ௕Ͳ௖
ۧȁͲ௔ͳ௕Ͳ௖ ۧȁͲ௔Ͳ௕ͳ௖
濇濝濢濛濠濙澔濤濜濣濨濣濢澔濧濨濕濨濙
濇濝濢濛濠濙澔濤濜濣濢濣濢澔濧濨濕濨濙濧
澻濦濣濩濢濘澔濧濨濕濨濙
ൿȁͳ௔ ෨Ͳୠ ෨Ͳ௖
FIG. 4. (Color online) Schematic diagram for the 2D op-
tomechanical system with the driving (control) and probe
fields with a single-particle excitation. The vibration frequen-
cies of two mechanical resonators are approximate the same
(ωb ≈ ωc), the single excitation states form a Λ-type degener-
ate four-level system, where |0a1b0c〉 and |0a0b1c〉 are single
phonon excited states.
(ωb ≈ ωc), the ground state and single excited states in
2D optomechanical system form a degenerate four-level
structure as shown in Fig. 4. Thus, some additional pho-
ton transition channels |1a0˜b0˜c〉 ↔ |0a0b1c〉 are created
by graphene resonator, this should affect photon tran-
sition of 1D optomechanical crystal. The energy level
structure in Fig.4 is similar to that of the hybrid TLS-
optomechanics system, where the TLS splits phonon en-
ergy levels and leads to double-transparency windows
[40].
If the photonic crystal cavity is driven by a strong
driving field and a weak probe field, that is Hdrive =
i~[Ω exp (−iωdt) + ε exp (−iωpt)]aˆ† + h.c., where Ω (or
ωd) and ε (or ωp) are the amplitudes (or frequencies) of
the driving and probe fields, respectively. In a rotating
frame at the driving field frequency ωd, with the mean
field approximation, the steady value equations for pho-
tonic and mechanical modes are obtained as
〈 ˙ˆa〉 =
(
i∆− κa
2
)
〈aˆ〉+Ω+ ε exp (−i∆pt)
−ig〈aˆ〉
(
〈bˆ†〉+ 〈bˆ〉
)
− iλ〈aˆ〉 (〈cˆ†〉+ 〈cˆ〉) ,
〈 ˙ˆb〉 = −
(
iωb +
κb
2
)
〈bˆ〉 − ig〈aˆ†〉〈aˆ〉, (6)
〈 ˙ˆc〉 = −
(
iωc +
κc
2
)
〈cˆ〉 − iλ〈aˆ†〉〈aˆ〉.
where ∆p = ωp − ωd is the frequency detuning be-
tween probe and driving fields. When the amplitude
of pumping field is much larger than that of the probe
field (|Ω| ≫ |ε|), up to the first order small quantity
of ε, the solutions of Eqs. (6) can be approximately ex-
panded as 〈oˆ〉 = O0 + O+ exp (i∆pt) + O− exp (−i∆pt),
with o = a, b, c and O = A,B,C. Here O0 and O±
are respectively the steady values and first-order re-
sponses to weak probe field, and |O0| ≫ |O±|. Then
0.99 1 1.01
∆p/ωb
-3
-2
-1
0
1
2
µ
p
λ/2π=0 Hz
δ=0.01ωb
δ=-0.01ωb
δ=0
(a)
0.99 1 1.01
∆p/ωb
-2
-1
0
1
2
ν
p
λ/2π=0 Hz
δ=0.01ωb
δ=-0.01ωb
δ=0
(b)
0.99 1 1.01
∆p/ωb
-2
-1
0
1
2
3
µ
p
λ/2π=0 Hz
λ/2π=0.5 MHz
λ/2π=-1 MHz
λ=-g, κ
c
=κb
(c)
0.99 1 1.01
∆p/ωb
-1
0
1
ν
p
λ/2π=0 Hz
λ/2π=0.5 MHz
λ/2π=-1 MHz
λ=-g, κ
c
=κb
(d)
FIG. 5. (Color online) Photon transmission in 2D optome-
chanical system. Probe field’s (a) absorption and (b) disper-
sion for different δ = ωb − ωc: (i) λ/(2π) = 0 Hz (blue-solid);
(ii) δ = 0.01ωb (green-dashed); (iii) δ = −0.01ωb (black-
dashed-dotted); 4) δ = 0 (red-dotted). We specify λ/(2π) = 1
MHz and κc/(2π) = 0.01 MHz (except the blue-solid curve).
For the same mechanical frequencies (ωb = ωc), the probe
field’s (c) absorption and (d) dispersion for different λ: (i)
λ/(2π) = 0 Hz (blue-solid); (ii) λ/(2π) = 0.5 MHz (green-
dashed); (iii) λ/(2π) = −1 MHz (black-dashed-dotted); (iv)
λ = −g (red-dotted). The mechanical damping rates are the
same κc = κb in the red-dotted curve , but for other three
curves κc/(2π) = 0.01 MHz. The other parameters of four fig-
ures are: ωb/(2π) = 100 MHz, ∆ = −ωb, κa/(2π) = 5 MHz,
κb/(2π) = 0.06 MHz, g/(2π) = 4 MHz, and |Ω|/(2π) = 10
MHz.
the steady value of cavity field can be calculated as A0 =
Ω/[κa/2− i∆+2igRe(B0)+2iλRe(C0)], and mechanical
modes’ steady values are B0 = −ig|A0|2/(iωb+κb/2) and
C0 = −iλ|A0|2/(iωc + κc/2), respectively.
The first-order small quantity A− describes probe
field’s absorption and dispersion in 2D optomechanical
system, and it could be calculated from Eqs. (6) as
A− =
ε
Q− i∆p − 2igP |A0|2 − 4g2P 2|A0|4Q−i∆p+2igP |A0|2
. (7)
with P =
∑
i=b,c θiωi/[(κi/2− i∆p)2 + ω2i ] (θb,c = g, λ),
and Q = κa/2 − i∆ + 2igRe(B0) + 2iλRe(C0). With
the input-output relation, the output optical field can be
written as εout = (2κaA0−Ω)+(2κaA−−ε) exp (−i∆pt)+
2κaA+ exp (i∆pt) [17, 68]. Define the quadratures of field
as εT = µp + iνp, here µp = κa(A
∗
− + A−)/ε describes
probe field’s absorption in 2D optomechanical system,
while the imaginary part νp = κa(A
∗
− − A−)/ε corre-
sponds to dispersion [17].
The effects of mechanical resonators’ detuning δ =
ωb − ωc on transparency window are shown in Figs. 5(a)
and 5(b). There is no graphene-cavity interaction in
blue-solid curve which describes the OMIT of standard
5optomechanics. When the frequencies of two mechan-
ical resonators are the same (δ = 0), the local mini-
mal value within the transparency window moves down
to negative regime in red-dotted curve, this means that
the graphene resonator leads to the amplification of
weak probe field which should be transparent in the
1D optomechanical crystal (blue-solid curve). This phe-
nomenon originates from the additional photon transi-
tion channels (|1a0˜b0˜c〉 ↔ |0a0b1c〉) induced by graphene
resonator(see Fig. 4), which changes the photon num-
bers of states |1a0˜b0˜c〉 and also the destructive coherent
transitions in the Λ type three-level structure of 1D op-
tomechanical crystal. For a small mechanical detuning
δ = 0.01ωb (−0.01ωb), two transparency windows ap-
pear in the green-dashed (black-dashed-dotted) curve,
the transparency window at ∆p = ωb is the same as that
of standard optomechanics (blue-solid curve) and a new
narrow transparency window appears at ∆p = ωb − δ.
This is similar to the double-color transparency window
in the TLS-optomechanics coupled systems [40].
For the same mechanical frequencies (ωb = ωc),
the effects of graphene-cavity optomechanical coupling
strength λ on transparency window are shown in
Figs. 5(c) and 5(d). If the motions of the nanobeam
and graphene resonators are inphase (λ = g), the probe
signal is amplified in the green-dashed curve. If mo-
tions are out of phase λ = −g, the black-dashed-dotted
curve shows that a absorption peak appears within the
transparency window of standard optomechanics (blue-
solid curve). When the graphene and nanobeam res-
onators have the same frequencies, damping rates, and
optomechanical coupling strengths, but oppositive mo-
tion phases (λ = −g), the transparency window vanishes
in red-dot curve in Fig. 5(c). The destructive coherent
transitions induced by two mechanical resonators offset
with each other. Through above discussions, it is shown
that the graphene resonator can control photon trans-
mission in one-dimensional optomechanics crystal.
IV. GROUND STATE COOLING
A. Mechanical Spectrum
In the vacuum weak coupling regime g, λ ≪ κa, the
photon operator can be split into aˆ = α + dˆ, with an
average coherent amplitude α and a small fluctuation
term dˆ [6, 66]. From Eq. (3), we can obtain the linearized
Heisenberg equations for dˆ, bˆ, and cˆ as follows:
α˙ =
(
i∆− κa
2
)
α+Ω,
˙ˆ
d =
(
i∆− κa
2
)
dˆ− iG(bˆ† + bˆ)− iK(cˆ† + cˆ)
+
√
κaaˆin(t), (8)
˙ˆ
b = −
(
iωb +
κb
2
)
bˆ − i(G∗dˆ+Gdˆ†) +√κbbˆin(t),
˙ˆc = −
(
iωc +
κc
2
)
cˆ− i(K∗dˆ+Kdˆ†) +√κbcˆin(t).
with G = gα and K = λα. Under strong pumping
field, the classical and nonlinear terms −igdˆ(bˆ† + bˆ),
−iλdˆ(cˆ† + cˆ), and −igdˆ†dˆ have been neglected. Thus,
the linearized Hamiltonian of 2D optomechanics could
be written as HL = −~∆dˆ†dˆ+~ωbbˆ†bˆ+~ωccˆ†cˆ+~(Gdˆ†+
G∗dˆ)(bˆ† + bˆ) + ~(Kdˆ† + K∗dˆ)(cˆ† + cˆ). Here oˆin(t)(o =
a, b, c) are input noise operators of optical and mechanical
modes, respectively; their environmental average values
are 〈oˆin(t)〉 = 0, and the nonzero noise input correla-
tion functions are 〈oˆin(t′)oˆ†in(t)〉 = (nTo + 1)δ(t′ − t) and
〈oˆ†in(t′)oˆin(t)〉 = nTo δ(t′ − t).
With the Fourier transformation, the motion equations
in frequency domain are as follows:
−iωd˜(ω) =
(
i∆− κa
2
)
d˜(ω)− iG
[
b˜†(ω) + b˜(ω)
]
−iK [c˜†(ω) + c˜(ω)]+√κaa˜in(ω),
−iωb˜(ω) = −
(
iωb +
κb
2
)
b˜(ω) +
√
κbb˜in(ω)
−i
[
G∗d˜(ω) +Gd˜†(ω)
]
, (9)
−iωc˜(ω) = −
(
iωc +
κc
2
)
c˜(ω) +
√
κcc˜in(ω)
−i
[
K∗d˜(ω) +Kd˜†(ω)
]
.
Eliminating the variables d˜†(ω), b˜(ω), b˜†(ω), c˜(ω), and
c˜†(ω) in Eqs. (9), with o˜†(ω) = [o˜(−ω)]∗ (o = b, c, d),
then b˜(ω) can be expressed with input noise operators
a˜in(ω), b˜in(ω), and c˜in(ω) [67]. The mechanical spectrum
of nanobeam resonator: Sbb(ω) =
∫ +∞
−∞
〈b˜†(ω′)b˜(ω)〉dω′
[6, 66]:
Sbb(ω) =
|α|2
κa
σopt(ω) + κbσ
(b)
th (ω) + κcσ
(c)
th (ω)
|N(ω)|2 . (10)
where
σopt = κ
2
ag
2|Γ−1b (ω)|2|Γa(ω)|2,
σ
(b)
th = n
T
b |Γ−1b (ω)Σc(ω) + iΣ(ω)|2 + (nTb + 1)|Σ(ω)|2,
σ
(c)
th = ǫ
2|Γ−1b (ω)|2|Σ(ω)|2
× [(nTc + 1)|Γc(ω)|2 + nTc |Γc(−ω)|2] , (11)
N = Γ−1b (ω)[Γ
−1
b (−ω)]∗Σc(ω) + 2ωbΣ(ω).
with ǫ = K/G = K∗/G∗ = λ/g, with g and λ
are assumed as real numbers. The optical and me-
chanical responsive functions are defined as Γa(ω) =
[κa/2 − i(ω + ∆)]−1, Γb(ω) = [κb/2 + i(ωb − ω)]−1,
and Γc(ω) = [κc/2 + i(ωc − ω)]−1, respectively. The
self-energy term of optomechanical crystal is defined as
Σ(ω) = −i|G|2 [Γ−1a (ω)− [Γ−1a (−ω)]∗], which decides
frequency shift and extra damping rate of nanobeam res-
onator in standard optomechanics.
Here σopt describes the contribution of the optome-
chanical interaction between the nanobeam resonator
and cavity field, σ
(b)
th originates from the nanobeam res-
onator’s thermal noises, and σ
(c)
th comes from graphene
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FIG. 6. (Color online) Tunable Mechanical spectrum. The
mechanical spectrum under (a) blue-detuning laser and (b)
red-detuning laser for different coupling strength λ: (i) ǫ =
0 (blue-solid); (ii) ǫ = 0.01 (green-dashed); (iii) ǫ = 0.02
(red-dotted), here δ = 0. The mechanical spectrum under
blue-detuning laser (c) and red-detuning laser (d) for different
detuning δ: (i) δ = 0 (blue-solid); (ii) δ = 0.001ωb (green-
dashed); (iii) δ = −0.001ωb (black-dashed-dotted); (iv) δ =
−0.002ωb (red-dotted), here ǫ = 0.01. The other parameters
of four figures are: ωb/(2π) = 100 MHz, κa/(2π) = 10 MHz,
κb/(2π) = 10 MHz, κc/(2π) = 1000 Hz, |G|/(2π) = 1.3 GHz,
nTa = 0, n
T
b = 100, and n
T
c = 100.
resonator. Compared with standard optomechan-
ics, an effective amplification factor Σc(ω) = 1 +
2ωcǫ
2Σ(ω)/[(κc/2 − iω)2 + ω2c ], which is induced by the
graphene resonator, appears in nanobeam resonator’s
responsive function (see Eq. (11)). The equations
[Σ(−ω)]∗ = Σ(ω) and [Σc(−ω)]∗ = Σc(ω) have been
adopted during the above calculations.
The blue-solid curve in Fig. 6(a) describes mechanical
spectrum of standard optomechanics(λ/(2π) = 0 Hz),
which has been widely studied in both theories and ex-
periments [1, 4, 6]. If ǫ 6= 0, under blue-detuning driving
laser (∆ = ωb), the narrow peaks appear at ω = −ωb in
green-dashed and red-dotted curves representing the lo-
cal amplification for mechanical spectrum. The FWHM
(Full width at half maximum width) of narrow peak is
close to κc (κc ≪ κb), which indicates that the narrow
peak (or dip) originates from the graphene resonator. For
the red-detuning driving laser (∆ = −ωb) in Fig. 6(b),
a narrow dip appears at ω = ωb in green-dashed and
red-dotted curves, which corresponds to local suppres-
sion for mechanical spectrum. The dip in red-dotted
curve is deeper than that of green-dashed curve, which
means that a larger suppression for mechanical spectrum
of nanobeam resonator could be realized with a larger
graphene-cavity interaction strength. The numerical cal-
culations show that the amplification factor Σc(ω) is re-
sponsible for the narrow peak or dip in the mechani-
cal spectrum of the graphene resonator. For a weak
graphene-cavity coupling strength, Σc(ω) ≈ 1, the nar-
row peak or dip will disappear.
The effects of mechanical detuning δ = ωb − ωc on
mechanical spectrum of nanobeam resonator are shown
in Fig. 6(c) (blue-detuning) and 6(d) (red-detuning).
For nonzero mechanical detuning (δ 6= 0), under blue
detuning driving laser, the x-axis positions of narrow
peaks in Fig. 6(c) shift to ω = ωb + δ. For red de-
tuning driving laser in Fig. 6(d), the narrow dips shift
to ω = ωb − δ. Thus, we can control the positions of
amplification peaks and suppression dips in mechanical
spectrum of nanobeam resonator by tuning the frequency
of the graphene resonator.
B. Dynamical Backaction
The optomechanical interaction changes mechanical
resonator’s frequencies and damping rates [1–4, 6], which
can be used for mechanical self-oscillation, phonon laser,
mechanical ground state cooling, and so on [14, 15, 54,
69–73]. In this section we discuss the shifts of nanobeam
resonator’s frequency and damping rate in 2D optome-
chanical system.
If the frequencies of graphene and nanobeam res-
onators are approximately the same (ωb ≈ ωc),
we can obtain from Eqs. (11) that N(ω) ≈
Γ−1b (ω)[Γ
−1
b (−ω)]∗ + 2ωb
[
ǫ2η(ω) + 1
]
Σ(ω), with η(ω) =
Γc(ω)[Γc(−ω)]∗/{Γb(ω)[Γb(−ω)]∗}. The effective op-
tomechanical self-energy in 2D optomechanics can be de-
fined as Σe(ω) = [ǫ
2η(ω)+1]Σ(ω). In weak coupling limit
κb, κc,Γopt ≈ |α|2/κa ≪ κa, the frequency shift and ex-
tra damping rate of nanobeam resonator can be defined
as δω
(o)
b = Re[Σe(ωb)] and γ
(o)
b = −2ℑ[Σe(ωb)], respec-
tively. The graphene resonator’s frequency shift δω
(o)
c
and extra damping rate γ
(o)
c can be calculated similarly.
Because of the symmetry of two resonators, the δω
(o)
c and
γ
(o)
c can be simply obtained from δω
(o)
b and γ
(o)
b by inter-
changing subscript b and c in corresponding expressions,
respectively.
The nanobeam resonator’s effective frequency ω
(e)
b =
ωb+ δω
(o)
b and damping rate κ
(e)
b = κb+ γ
(o)
b in resolved-
sideband regime (ωb, ωc ≫ κa) are shown in Figs. 7(a)
and 7(b), respectively. The blue-solid curves in Figs. 7(a)
and 7(b) correspond to effective frequency and damp-
ing rate of standard optomechanics (ǫ = 0). With
the increase of graphene-cavity optomechanical coupling
strength, the changes of effective frequency and damp-
ing rate become larger in green-dashed and red-dotted
curves, which means that graphene resonator can assist
mechanical amplification and ground state cooling in 2D
optomechanical system.
According to recent experiments, the coupled mechan-
ical system shows coherent mixing of mechanical modes
in the bad-cavity limit[74, 75]. The changes of effective
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FIG. 7. (Color online) Nanobeam resonator’s effective fre-
quency ω
(e)
b = ωb + δω
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b and damping rate κ
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b = κb + γ
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b
in the resolved-sideband regime. The other parameters are:
ωb/(2π) = ωc/(2π) = 100 MHz, κa/(2π) = 10 MHz,
κb/(2π) = 10 MHz, κc/(2π) = 1000 Hz, |G|/(2π) = 10 MHz,
nTa = 0, n
T
b = 100, and n
T
c = 100.
frequencies and damping rates for two mechanical res-
onators in unresolved-sideband regime (ωb, ωc ≪ κa) are
shown in Fig. 8, where ω
(e)
b,c = ωb,c + δω
(o)
b,c and κ
(e)
b,c =
κb,c+γ
(o)
b,c . If λ≪ g, the changes of two resonators’ effec-
tive frequencies (Fig. 8(a)) and damping rates (Fig. 8(b))
are always in step, the effects of one mechanical res-
onator on another resonator’s optomechanical dynamical
backaction are very weak. For a large graphene-cavity
coupling strength(λ ∼ g), the shifts of effective frequen-
cies (Fig. 8(c)) and damping rates (Fig. 8(d)) in blue-
solid and red-dashed curves are the opposite of paces.
The damping rates of nanobeam and graphene resonators
always have oppositive signs in Fig. 8(c), this means
when one mechanical resonator is amplified, the other
one should be simultaneously cooled, moreover similar
results can also be obtained in resolved-sideband regime.
The blue-solid and red-dashed curves in Figs. 8(c) and
8(d) cross with each other, which means that coherent
mixing of two mechanical resonators can be realized in
2D optomechanical system with optical field serving as
an intermediacy.
C. Graphene assisted Ground State Cooling
As shown in Fig. 7, the graphene resonator could en-
hance damping rate of the nanobeam resonator, which
should make positive contributions to the ground state
cooling of the nanobeam resonator. However, such a
graphene resonator also introduces a noise term σ
(c)
th in
Eq. (10) which makes negative contributions to ground
state cooling. The relative value of above two terms de-
cide the net contribution of the graphene sheet to ground
state cooling of the nanobeam resonator. With the me-
chanical spectrum in Eq. (10), the phonon number on
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For (a) and (b) ǫ = 0.1, while ǫ = 10 for (c) and (d). The
other parameters of four figures are: ωb/(2π) = 100 MHz,
ωc/(2π) = 95 MHz, κa/(2π) = 1 GHz, κb/(2π) = 10 MHz,
κc/(2π) = 1 MHz, |G|/(2π) = 10 MHz, n
T
a = 0, n
T
b = 100,
and nTc = 100.
nanobeam resonator can be obtained as [6, 66]
nm =
∫ +∞
−∞
dω
2π
Sbb(ω) (12)
The variation of phonon number on nanobeam res-
onator as a function of graphene-cavity coupling strength
is shown in Fig. 9, the value nm(ǫ = 0) corresponds to
phonon number of standard optomechanics. Figure 9(a)
shows the effects of different cavity damping rates on the
ground state cooling of nanobeam resonator. In blue-
solid (or green-dashed) curve of Fig. 9(a), the phonon
number of 1D optomechanical crystal is larger than 1
(nm(ǫ = 0) > 1) for the case of no graphene-cavity in-
teraction; however, the phonon number is quickly sup-
pressed and reaches to its ground state (nm < 1) as
the increase of graphene-cavity coupling strength. The
green-dashed and red-dotted curves show that the sup-
pression ability of the graphene sheet on nanobeam res-
onator’s phonon number becomes weaker in the case of
a larger cavity damping rate (compared with blue-solid
curve).
The ground state cooling of nanobeam resonators of
different damping rates in 2D optomechanical system are
shown in Fig. 9(b). Compared with small damping rates
of blue-solid and green-dashed curves, the phonon num-
ber on nanobeam resonator with larger damping rate can
be more effectively suppressed by the graphene resonator
in red-dotted curve. The effects of graphene resonator’s
damping rate and optomechanical coupling strength in
1D optomechanical crystal on the ground state cooling
of nanobeam resonator are shown in Figs. 9(c) and 9(d),
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respectively. From above results, it is clear that the
graphene resonator can enhance ground state cooling of
nanobeam resonator in some parameter regimes, espe-
cially for the high damping nanobeam resonator.
V. DISCUSSION AND CONCLUSION
We proposed a new type of multi-mode optomechanics
formed by a suspended graphene resonator coupled to the
photonic mode of a 1D optomechanical crystal. This kind
of 2D optomechanical system could be experimentally
realized by transferring graphene sheets above a released
1D photonic crystal cavity on silicon substrate, and the
gap between graphene sheet and photonic cavity is the
main difficulty for experimental success. By tuning the
control voltage between graphene and silicon substrate,
the steady-state position of the graphene sheet can be
easily adjusted by a control voltage, and this can affect
the damping rate of photonic cavity and graphene-cavity
optomechanical interaction strength.
We have theoretically studied photon transmission and
mechanical ground state cooling in the proposed 2D op-
tomechanical system. Additional transitions channels
induced by the graphene resonator could enhance or
weaken the destructive coherent transitions of photons,
and the tranmission of probe signal in 2D optomechanics
can be switched among absorption, transparency, and
amplification by tuning graphene sheet’s vibration fre-
quency and graphene-cavity optomechanical interaction
strength.
The graphene resonator could induce narrow amplifi-
cation peak and suppression dip in the noise spectrum of
nanobeam resonator, and affects effective damping rate
of the nanobeam resonator. According to our numeri-
cal calculations, the graphene resonator can assist the
ground state cooling of nanobeam resonator in certain
parameter regime.
Additionally, the graphene sheet has some special
properties, such as nonlinear mechanical motion and non-
linear mechanical damping, which could be interesting
research topics in the future.
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